Summary By integrating the multilevel biological evidence and bioinformatics analyses, the present study represents a systemic endeavor to identify BMD-associated genes and their roles in skeletal metabolism. Introduction Single-nucleotide polymorphism (SNP)-based genome-wide association studies (GWASs) have already identified about 100 loci associated with bone mineral density (BMD), but these loci only explain a small proportion of heritability to osteoporosis risk. In the present study, we performed a gene-based analysis of the largest GWASs in the bone field to identify additional BMD-associated genes. Methods BMD-associated genes were identified by combining the summary statistic P values of SNPs across individual genes in the two consecutive meta-analyses of GWASs from the Genetic Factors for Osteoporosis (GEFOS) studies. The potential functionality of these genes to bone was partially assessed by differential gene expression analysis. Additionally, the consistency of the identification of potential bone mineral density (BMD)-associated variants were evaluated by estimating the correlation of the P values of the same single-nucleotide polymorphisms (SNPs)/genes between the two consecutive Genetic Factors for Osteoporosis Studies (GEFOS) with largely overlapping samples. Results Compared to the SNP-based analysis, the gene-based strategy identified additional BMD-associated genes with genome-wide significance and increased their mutual replication between the two GEFOS datasets. Among these BMD-associated genes, three novel genes (UBTF, AAAS, and C11orf58) were partially validated at the gene expression level. The correlation analysis presented a moderately high between-study consistency of potential BMD-associated variants.
Introduction
Osteoporosis is the most common chronic skeletal metabolic disease, characterized by a reduction in bone mass and micro-architectural deterioration in bone tissues that leads to increased fracture risk. Measurement of bone mineral density (BMD) has been used extensively for the clinical diagnosis of osteoporosis and prediction of osteoporotic fractures [1] . Variations in BMD at the prevalent sites of osteoporotic fracture can be partially explained by genetic effects [2] . In recent years, genomewide association studies (GWASs) have focused on exploring BMD-associated single-nucleotide polymorphisms (SNPs) at a genome-wide significance level (i.e., P < 5E-08), and they have already identified~100 candidate genes/loci [3] . However, those identified genetic variants only explain a small proportion (~6%) of BMD heritability [4] .
Generally, independent GWAS provided a relative low efficiency for discovering candidate variants of complex diseases due to poor determining power. Meta-analysis, a statistical synthesis of information from multiple independent studies, has been widely applied to search for missing heritability of complex diseases by increasing testing power [5] . However, the replicability of associated variants between two individual meta-analyses was generally low either with or without overlapping study populations [6] . This poor replication may be due in large part to between-study heterogeneity [7] , that is, differences of study designs and analytical approaches, linkage disequilibrium (LD) patterns, and allele frequencies and/or effect sizes [5, 8] , or the independent resampling of the sample populations. In the bone field, the Genetic Factors for Osteoporosis (GEFOS) Consortium has developed consecutive meta-analyses of GWASs with the largest sample sizes, with the aim to identify genetic variants related to BMD [9] [10] [11] . The two meta-analyses of GEFOS2 and GEFOS-seq were performed by the same consortium based on largely overlapping populations and particularly overlapping samples, so the control of the heterogeneity may improve the between-study replication of genetic variants with BMD for consecutive studies within the same GWAS consortium.
It is difficult to understand disease risk only based on GWAS results because the vast majority of diseaseassociated SNPs identified by GWASs are located in non-coding regions of the genome [12] , and they are more possible to influence the diseases by regulating the gene expression levels rather than changing protein structure and function. Because the disease-associated SNPs are frequently enriched in regions implicated in gene regulation (e.g., cis-regulatory modules), epigenetic mechanisms are a possible explanation of the limited impact of GWAS-identified BMD-associated loci. Additionally, the GWAS-identified SNPs serve only as representatives for all the SNPs in the linkage disequilibrium blocks, so other SNPs in high LD with the GWAS-identified SNPs are also possibly causal for the disease. Therefore, the most significantly associated SNPs identified in GWASs may not intuitively participate in the regulation of the diseases/ traits' variation. Currently, two approaches, LD calculation with the genomic reference panels to identify SNPs are in high LD with GWAS-identified SNPs [13] and fine mapping [14] have been commonly used to analyze SNPs other than the identified lead SNPs in GWASs. In the present study, we used the gene-based analysis to evaluate the overall association of genes with phenotypes by integrating the information of SNPs across individual genes, thus limiting our specific study scope here by alleviating the necessity at this step to determine the certainty of causal SNPs for BMDs.
As a follow-up scenario and alternative analysis for SNPbased GWASs, gene-based analysis has several advantages for further mining values of GWASs and expanding their application in subsequent bioinformatics and biological analyses. Firstly, gene-based analysis can improve the power of identifying associated genes by overcoming the potential allelic heterogeneity in SNP-based GWASs [15] , when multiple alleles act through one gene to influence a trait [16] . Secondly, the gene-based method is capable of reducing the interference from cohorts' heterogeneity in LD patterns caused by various arrangements of tagging different SNPs to the same causal variants [10] . Thirdly, gene-based analysis also practically reduces the burden of multiple testing for traditional GWASs. Furthermore, the gene is the functional unit of the human genome with high consistency across populations, which is the major target used by most of the subsequent bioinformatics analyses following GWAS (pathway, gene ontology (GO), protein-protein interaction (PPI)) and bench experiments (in vivo and/or in vitro).
In the present study, we identified BMD-associated genes by gene-based analysis based on the largest GWAS metaanalysis datasets in the bone field, and partially validated the functionality of several identified associated genes using transcriptomic meta-analysis. Furthermore, we conducted a series of correlation analyses to assess the consistency of significantly associated variants between the two consecutive GEFOS studies. Depending on the results of gene-based analysis, the correlation analysis lend support for the higher reliability of discoveries by the gene-based analysis (than the prevailing SNP-based analysis).
Materials and methods

GWAS dataset
The first dataset used is the GEFOS2 study with discovery samples composed of 17 GWAS cohorts (n = 32,961) [10] . The second is the GEFOS-seq study with nine GWAS cohorts (n = 32,965) including a whole-genome sequencing in the UK10K project (n = 2882), a whole-exome sequencing study with five cohorts (n = 3549), and a deep imputation of genotyped samples using a combined UK10K/1000 Genomes reference panel (n = 26,534) [11] . The two discovery studies included~18,400 overlapped individuals from five studies, including the Australasian Osteoporosis Genetics Consortium (AOGC), Framingham Heart Study (FHS), Rotterdam Study-I (RS-I), Erasmus Rucphen Family Study (ERF), and TwinsUK (TWINSUK). The BMDs at femoral neck (FN) and lumbar spine (LS) were measured in all cohorts, and the forearm (FA) BMD was measured in the samples of AOGC and TWINSUK. All of the BMDs were measured by using dualenergy x-ray absorptiometry scanners as indicated in the original publications.
Gene-based analysis
By using the Extended Simes procedure method (GATES) [17] , we performed gene-based analysis in Knowledgebased mining system for Genome-wide Genetic studies (KGG) (http://bioinfo.hku.hk/kggweb/) to identify the BMDassociated genes harboring multiple association SNP signals. This method defines P (1) , …, P (m) as the ascending P values of m SNPs of single gene; m e is the effective number of independent P values among the m SNPs; and m e(j) is the effective number of independent P values among the top j SNPs with the smallest P values. When all SNPs are in strong LD, the effective number of P values will approach 1. The P values of SNPs of single gene were integrated into an overall P value to represent the association of the gene with a given trait as follows:
The null hypothesis of GATES is that no SNP within the gene is associated with the trait, and the alternative is that at least one SNP in the gene is associated with the trait. The input data used in the present study included the P values of~2.5 million SNPs for FN-BMD and LS-BMD in GEFOS2, and the P values of~10 million SNPs in GEFOS-seq for FA-BMD, FN-BMD, and LS-BMD, respectively (http://www.gefos.org/ ). The SNPs in the region from 5-kb upstream to 5-kb downstream of each gene were assigned to the gene to calculate the integrated P values, and the physical positions of genes were annotated according to the human genome (hg19) coordinates by KGG. LD was based on the reference of 1000 Genomes Project for European samples, and the reference file (1000G Phase3 v5 Shapeit2 Reference (EUR)) was downloaded from the KGG website (http://grass.cgs.hku.hk/limx/kgg/ phasedgty.html). The Bonferroni correction was applied to correct the multiple testing problem in the genome-wide gene-based analysis (P threshold = 0.05/N genes ), where P threshold is the genome-wide significant threshold, and N genes is the number of genes under testing in the genome. The major advantage of this method is that it requires only publically accessible SNP-based summary statistic P values rather than individual-level genotypic data, and the correlation between different markers caused by LD can be estimated based on a reference panel even without original raw genotype information. GATES used the best SNP picking strategy, where only one SNP-based P value after the multiple testing adjustment is used to produce the set-based P value representing the association of genes with phenotype. Compared with the all-SNP aggregating tests, due to the weak sensitivity of the strategy to the dilution of SNPs with no effect in the set, the analysis of GATES may provide higher testing sensitivity that is probably more suitable for identifying the dominant significance of loci for traits. The quantile-quantile (QQ) plots of the gene-based scores were used to illustrate degree of genomic inflation; that is, how well the observed fits the theoretical χ 2 -distribution [18] . Additionally, the genomic inflation factors (λ) for the BMDs of GEFOS studies were calculated by using R package of GenABEL as numeric indicator for the inflation.
Gene-pair based association analysis
Based on the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database, gene-pair based association analysis was conducted in KGG using the hybrid setbased test (HYST) [19] to detect significantly connected protein-protein interaction (PPI) pairs. The purpose of genepair based association analysis is to identify significant PPI pairs where both genes are statistically associated with the disease and expose potential disease-susceptibility genes not identified in the individual SNP-based and/or individual genebased association analysis. The STRING database has covered 60% of the protein-coding genes, and all PPI pairs included are demonstrated by at least one piece of experimental or computational evidence for human proteins [20] . Here, we assumed that genes 1 and 2 of a PPI pair have m 1 and m 2 SNPs with association P values, which can be partitioned into n 1 and n 2 LD blocks (which display weak LD), respectively. For each ith block (i = 1 … n 1 + n 2 ), GATES is used to calculate the block-based P value (P i ) and to mark the key SNP from which P i was derived. The scaled chi-square test is then employed to combine the n 1 + n 2 block-based P values into a single test statistic, accounting for LD between the n 1 + n 2 key SNPs:
When genes 1 and 2 are on different chromosomes or far apart on the same chromosome, the genomic blocks between these two genes can be assumed to be independent. The null hypothesis of HYST for the PPI-based analysis is that neither gene in a PPI pair is associated with the trait. The alternative hypothesis is that at least one gene involved in a PPI pair is associated with the disease. A heterogeneity test was applied using Cochran' 
where Φ −1 denotes the inverse normal distribution function) and/or Higgins's I 2 [22] , (i.e., I 2 = (Q − 1)/Q if Q ≥ 1, 0 otherwise) to exclude the PPI pairs whose significance is overwhelmingly dominated by only one gene (I 2 > 0.5).
Gene enrichment analysis
Across the results of gene-based analysis and gene-pair analysis, we collected the lists of BMD-associated genes at each of skeletal sites in each of the GEFOS studies, which were used as input information for subsequent gene enrichment analysis to assess their potential biological roles in the osteoporosis pathophysiology. The lists of the combined BMD-associated genes included not only the genome-wide significant genes identified by gene-based analysis but also the nominally significant genes from significant gene-pairs. The ClueGO plugin [23] on the Cytoscape platform was used to retrieve and visualize the gene ontology terms and pathways enriched with disease-susceptibility genes in a biological network from the comprehensive GO database and pathway databases (Kyoto Encyclopedia of Genes and Genomes (KEGG) and WikiPathways). Here, we chose 0.05 as the Q value threshold to determine whether the input genes are enriched in GO terms or pathways than random chance after Benjamini-Hochberg multiple-testing false discovery rate (FDR) correction. The clustering functional networks created based on kappa statistics deciphered the similarity or correlation of biological activities in terms of their shared associated genes. A term-gene matrix containing the selected terms and their associated genes is created, then a term-term similarity matrix is calculated using kappa statistics to identify the association strength between the terms (kappa score). The detailed parameters of gene enrichment analysis were selected as follows: 0.6 for kappa score, 3 to 8 levels for GO tree interval, and at least three enriched genes or 5% enriched genes for terms and pathways. To further predict the interactive mechanisms of traitassociated genes and their regulatory roles in terms or pathways, PPI of involved genes were analyzed and visualized by CluePedia plug-in [24] on the Cytoscape platform based on the STRING database.
Transcriptomic evaluation
The meta-analysis strategy combining multiple gene expression datasets may provide a robust, reproducible, and accurate predictions for the association of widely expressed genes across tissues/cells relevant to the phenotypes of interest [25] . This meta-analysis calculated the combined P values of genes across six independent gene expression studies (Accession: GSE56815 [26] , GSE7158 [27] , GSE2208 [28] , E-MEXP-1618 [29] , GSE7429 [30] , and GSE13850 (no publication)) using Fisher's method to assess the association of gene expressions with BMD. The combined P values were further corrected for multiple hypothesis testing using the Benjamini-Hochberg FDR. These microarray datasets were identified and downloaded from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/ geowebcite) and ArrayExpress (http://www.ebi.ac.uk/ arrayexpress/) websites. These expression data met the following criteria: (1) case-control studies for discordant BMD (low or high BMD) in human subjects, (2) available raw data of gene expression, and (3) available phenotype data of subjects. Although the quantile or Z-score for each study's inclusion criteria differs, the low and high BMD groups in all six studies can be classified as high risk for osteopenia/ osteoporosis or normal/healthy respectively, according to their discordant BMD values and the World Health Organization (WHO)'s definition [31] . Since the results derived from GWASs can originate from different cells and tissues in humans, it is reasonable to partially validate the association of the identified genes with BMD using the transcriptomics data from various cells/tissues related to bone metabolism. These gene expression data are derived from multiple bonerelated cell sources (e.g., peripheral blood monocytes [32] , osteocytes [33] , and circulating B cells [34] ) of females with discordant BMD. The basic characteristics of the subjects are shown in Supplementary Table 1 . The methodology of the meta-analysis was detailed in our previous publication [35] . The differentially expressed genes (DEGs) with significant Q value (Q < 0.05) were considered statistically significant across low vs. high BMD groups.
Correlation analysis of the P values of same variants across the two GEFOS studies
Since the GEFOS2 study does not provide the summary statistics of meta-analysis for FA-BMD, the same SNPs/genes between the GEFOS2 and GEFOS-seq studies were applied to between-study correlation analysis for FN-BMD and LS-BMD, respectively. We tested the Pearson correlation coefficients using R language to show the correlation of the P values of the same SNPs/genes across the two GEFOS studies, and the correlation coefficients were estimated based on −log10 (P value) of these variants. The null hypothesis of the correlation test is that pairwise SNPs/genes in the two GEFOS studies are unrelated, and a significant P value (P < 0.05) of correlation analysis would reject the null hypothesis. Specifically, we first tested the overall correlation of the P values of the same variants by using genome-wide matched SNPs or genes across the two GEFOS studies. Second, we identified the significantly associated variants in each of the two GEFOS studies, then calculated the between-study correlation of their P values. The correlation analyses for associated variants were performed based on different significant thresholds to the P values of SNPs/genes, ranging from nominal significance (P < 0.05) to genome-wide significance (P < 5E-08 for SNPs, P < 2E-06 for genes), to investigate the between-study stability of P values in detail. Furthermore, we also estimated the correlation of the same variants with non-significance (P>0.05) across the two GEFOS studies to represent a correlation baseline due to overlapping samples. Theoretically, the P values of the non-significant variants from two independent GWAS studies should be independently uniform and randomly distributed, so the correlation of non-significant variants between any two independent GWAS studies should approach 0. Using the nominal significance P value threshold (P < 0.05), the false negative findings of the associated variants were excluded from the non-significant variants as much as possible, so that the correlation of variants with non-significance might be attributed to overlapping samples. Taken together, due to lack of direct access to the original data of independent samples, we estimated the similarity of P values of the associated variants by empirically referring the correlation baseline originated from these overlapping samples. Additionally, we calculated the ratios of between-study replicated associated variants in the discovery of associated variants in each of the two GEFOS studies, to assess the between-study mutual replicability of significant associated variants when the samples used are not all the same.
Results
Gene-based association analysis
Compared with the SNP-based GWAS, the gene-based analysis enhanced the discovery of genome-wide significant genes for BMD (P < 2E-06) in both GEFOS2 (Fig. 1a) and GEFOSseq (Fig. 1b) studies. Notably, the number of common BMDassociated genes identified in both GEFOS studies was larger in our gene-based analysis than in the original SNP-based studies (Fig. 1c, d) . Specifically, in the gene based analyses, a total of 50 and 48 associated genes were identified with FN-BMD and LS-BMD individually at genome-wide level in the GEFOS2 (Fig. 1e) ; 32, 43, and 3 candidate genes with genome-wide significant P value were identified for FN-BMD, LS-BMD, and FA-BMD in the GEFOS-seq, respectively (Fig. 1f) . In both of the GEFOS studies, the genebased method identified the replication of some candidate genes for BMDs from the SNP-based GWAS, e.g., WNT16
and WLS for FN-BMD and LS-BMD in GEFOS2 and GALNT3 for FN-BMD, TNFRSF11A for LS-BMD, and CPED1 for FA-BMD in the GEFOS-seq. Additionally, the gene-based method specifically identified prominent functional genes for BMD, including HDAC5 and FAM3C for FN-BMD and ESR1 and WNT16 for LS-BMD in both the GEFOS studies. Supplementary Fig. 1 showed that the points in the QQ plots depart upward from the straight line, indicating some observed P values (plotted on the vertical axis) are clearly more significant than expected under the null hypothesis (plotted on the vertical axis). Additionally, the genomic inflation factors (λ) for the BMDs of GEFOS-seq ( Supplementary Fig. 1c -e) are closer to 1 than those of GEFOS2 ( Supplementary Fig. 1a, b) , and there are earlier separations of the expected values from the observed in the GEFOS2 than those of GEFOS-seq. These results may indicate that, comparatively, many moderately significant P values are more significant than expected under the null hypothesis in the GEFOS2. Compared to thousands of true positives, this result is more reasonably explained by systematic differences in allele frequencies between subpopulations of enrolled subjects: a higher population stratification in the GEFOS2 (Asians and Caucasians) than that of GEFOS-seq (Caucasians only). Detailed information on these associated genes in GEFOS studies can be found in Supplementary  Tables 2 and 3 corresponding to their association with specific skeletal sites of BMD.
Gene-pair-based association analysis
The gene-pair-based association analysis identified some significant PPI pairs with genome-wide significant genes and/or nominally significant genes for the FN-BMD and LS-BMD in both GEFOS studies ( Supplementary Fig. 2 ). Actually, a number of genes in the significant PPI pairs that did not reach genome-wide significance in the gene-based test have been previously reported as candidate BMD susceptibility genes (with at least one SNP having a P < 5E-08 in the National Human Genome Research Institute (NHGRI) Catalog of Published GWAS Catalog [36] for BMD by October 23, 2016 (http://www.ebi.ac.uk/gwas/)). Between the two GEFOS studies, 7 same significant gene pairs were detected on FN-BMD, as were 10 same gene pairs for LS-BMD (Supplementary Table 4 ). Among these gene pairs, SOST-SP7 and AXIN1-LRP5 were simultaneously significantly associated with FN-BMD and LS-BMD, whose genes were already reported to play important roles in regulating BMDs on more than one skeletal sites in silico and/or in vivo, and in clinical studies [32, [37] [38] [39] . The significant PPI pairs and involved genes from GEFOS2 and GEFOS-seq studies are detailed in Supplementary Tables 5 and 6 , respectively.
Gene enrichment analysis
We used the combined lists of BMD-associated genes from the gene-based analysis and gene-pair analysis for each of the skeletal sites to identify GO terms and pathways related to FN-BMD and LS-BMD of each of the two GEFOS studies, respectively. In the two GEFOS studies, several known bonerelated functional terms simultaneously achieved significant enrichments for BMD after Benjamini-Hochberg multiple testing correction (Q < 0.05), e.g., the Wnt signaling pathway for FN-BMD, and receptor activator of NFKB (ligand) (RANKL/RANK) signaling pathway and regulation of Wnt/ B-catenin signaling by small molecule compounds for LS-BMD (Table 1) . Additionally, the gene enrichment analysis also identified some potential pathways that may provide new insights into the pathological mechanisms of osteoporosis (Fig. 2a, b) , including the axis specification, basal cell carcinoma, and breast cancer. Additional enriched GO terms and pathways are detailed in Supplementary Tables 7 and 8 .
Differential gene expression analysis
In the analysis, seven BMD-associated genes identified by the gene-based method were significantly differentially expressed between case-control subjects with discordant FN-BMD after multiple testing correction by FDR (Q < 0.05), and six identified associated genes were supported for their association with LS-BMD ( Table 2) . In previous studies, six of these associated genes with FN-BMD or LS-BMD have been identified as candidate genes for BMD variations by in vitro and/or in vivo studies, including (RPS6KA5, MEPE, SHFM1, FAM3C, HDAC5, and ESR1). More importantly, three novel associated genes were differentially expressed between the case-control samples with significant Q values: UBTF (Q = 2.09E-02), AAAS (Q = 4.05E-02), and C11orf58 (Q = 4.19E-03). Thus, we focused on elaborating (in BDiscussion^section) on the functional roles of the three novel candidate genes in their potential pathophysiological mechanism in bone metabolism.
Correlation analysis of the P values of same variants across the two GEFOS studies
Between the two GEFOS studies, a total of~2.3 million same SNPs and~25,000 same genes were matched for FN-BMD and LS-BMD, respectively. Here, we denote C OG /C OS as the overall correlation of P values of same genes/SNPs, C SG /C SS as the correlation of P values of significant associated genes/ SNPs, and C NG /C NS as the correlation of P values of nonsignificant associated genes/SNPs. The r value shows the correlation coefficient of same variants across the two GEFOS studies. In the correlation analyses for FN-BMD (Fig. 3a) , C OG (r = 0.48) appeared to be higher than C OS (r = 0.38), and the average C SG (r GEFOS2 = 0.82, r GEFOS-seq = 0.83) appeared to be higher compared to the average C SS (r GEFOS2 = 0.78, r GEFOS-seq = 0.83) across different significance thresholds. The r GEFOS2 and r GEFOS-seq indicate the correlation of matched variants with significant P values in GEFOS2 and GEFOS-seq, respectively. Conversely, C NG (r = 0.09) was lower than C NS (r = 0.11). Therefore, using the C NG or C NS as a reference to exclude the between-study shared-sample effects, the correlation for either overall or significant genes was greater than that of SNPs. We also performed the correlation analysis for the same variants on LS-BMD using the same strategy (Fig. 3b) , and the correlation coefficients of the P values of the same variants were close to those of FN-BMD (C OG (r = 0.50), C OS (r = 0.39), average C SG (r GEFOS2 = 0.82, r GEFOS-seq = 0.78), average C SS (r GEFOS2 = 0.72, r GEFOS-seq = 0.68), C NG (r = 0.09), C NS (r = 0.11)). Furthermore, the significantly associated variants in the GEFOS2 and GEFOS-seq were, respectively, identified with high between-study mutual replicabilities across almost all significant thresholds (e.g., for FN-BMD, P < 2E-06, Ratio GEFOS2 = 50%, Ratio GEFOS-seq = 77%) (Table 3) . Together, we observed that with largely Fig. 1 Distribution of BMD-associated genes. a In the GEFOS2 study, the gene-based analysis replicated 20 BMD-related genes reaching genome-wide significance level. b Compared with original studies, the gene based analysis replicated 17 BMD-related genes reaching genomewide significance level from GEFOS-seq study. c In the thre present genebased analysis, 24 and 15 genes were uniquely identified in GEFOS2 and GEFOS-seq studies, and detection of 47 genes was overlapped. d In the original paper for SNP-based analysis, 49 and 9 genes were exclusively detected in GEFOS2 and GEFOS-seq studies respectively, and 13 genes were common. e In the gene based analysis for GEFOS2 study, 23 genes and 21 genes were site-specifically identified in FN-BMD and LS-BMD, and 27 genes were confirmed in both BMD traits. f In the gene-based analysis for GEFOS-seq study, 3 genes were associated with FA-BMD, 32 genes with FN-BMD, and 43 genes with LS-BMD, respectively. Two common BMD-related genes were identified for FA-and FN-BMD, 2 genes for FA-and LS-BMD, and 14 genes for FN-and LS-BMD overlapping samples across the two GEFOS studies, the significant associated variants identified in each of the two GEFOS studies were moderately consistently detected in the other study with correlated P values for their association with BMDs.
Discussion
As we expected, the gene-based analysis not only successfully replicated a series of known candidate loci from the original SNP-based GWASs but also identified additional BMDassociated genes corresponding to multiple skeletal sites. It is worth noting that, between the two GEFOS studies, the number of overlapping candidate genes identified by the gene-based tests exceeded those of the SNP-based GWASs, The ontology source includes Biological Process, KEGG pathway, and Wiki pathway. The P value indicates the raw P values of genes, and Q value means the P values adjusted with Benjamini-Hochberg multiple test correction. For the associated genes, lack of superscript indicates the common genes identified in both GEFOS studies; the genes with supercripts of 1 and 2 indicate they were specifically identified in GEFOS2 and GEFOS-seq studies, respectively Fig. 2 Gene enrichment analysis. The function networks of BMDassociated genes were evaluated based on the GO ontology and multiple pathway database. The associated genes identified from GEFOS-2 (a) and GEFOS-seq (b) studies for FN-BMD and LS-BMD were enriched in some functional annotation terms (ellipse) and five pathways (triangles), respectively. The sizes of the nodes reflect the statistical significance of the terms, and the degree of connectivity between terms (edges) was calculated using kappa statistics. The PPI in terms of mitotic nuclear envelope disassembly is shown (c, 1), and the cellular components of involved proteins are illustrated (c, 2). c The three BMD-associated genes identified in this discovery study were marked in red (AAAS, NUP155, and CCNB1), and they directly interacted with hub genes (NEK6, NEK9, and PLK1) of the network P value 1 indicates the P values of genes for BMD in GEFOS projects, and P value 2 shows the P values of genes identified by differential gene expression study. The Q values are the P values that were adjusted using FDR to correct for multiple hypothesis testing. P value 1 with genome-wide significance (P value 1 < 2E-06), and P value 2 and Q value with empirical significance (P < 0.05) are shown in bold indicating that the gene-based method may provide higher testing stability and robustness for the identification of genetic variants associated with the phenotypes. The gene-pair analysis reasonably extended the range of potential diseasesusceptibility genes not identified in the SNP-based and/or gene-based association analysis. Subsequently, leveraging the extended associated gene lists, the gene enrichment analysis not only identified some well-known pathophysiological mechanisms for BMD regulation, but also identified some unexpected associations of BMD-associated genes with skeletal development or other diseases/traits. Notably, three BMD-associated genes (UBTF, AAAS, and C11orf58) with partial validation from the transcriptomic meta-analysis have not yet been discovered or mentioned as candidate genes in previous publications. However, a literature search offered some exciting clues potentially underlying their functional association with bone metabolism. Upstream binding transcription factor (UBTF) functions in ribosomal RNA (rRNA) polymerase (Pol I and II)-specific transcription of the ribosomal genes to maintain genome stability, and the inhibition of UBTF leads to DNA damage and genomic instability independent of Pol I transcription [40] . Bone cell proliferation and differentiation could be regulated by suppressed rRNA gene transcription due to UBTF acetylation modulated by RUNX2-HDAC1 interaction [41] . The mutation of Aladin WD repeat nucleoporin (AAAS) gene causes Triple A syndrome (alacrima, achalasia, adrenal failure, progressive neurodegenerative disease), which leads to osteoporosis due to Threshold the significant P value thresholds for the association of variants with BMD, r the correlation of same variants across the two GEFOS studies, P value the P values of the correlation tests, Number the number of matched variants between the two GEFOS studies, ratio the ratios of variants with significance in both GEFOS studies in the significant variants from one of the two GEFOS studies. GEFOS2* the group of matched variants with significant P values in GEFOS2, GEFOS-seq* indicates the group of matched variants with significant P values in GEFOS-seq reduced generation of testosterone and estrogens by adrenal androgens, less physical activity, and decreased exposure to the sun [42] . Meanwhile, our study found that AAAS, nucleoporin 155 (NUP155), and cyclin B1 (CCNB1) were significantly enriched in the GO term of mitotic nuclear envelope disassembly and directly interacted with the hub genes of the biological network (Fig. 2c) . The nuclear envelope has a fundamental impact on cellular organization and complexity, and mutations in genes encoding nuclear envelope proteins may induce skeletal dysplasia and osteoporosis [43] . In addition, the SNP rs6486303 within C11orf58 was reported as an important SNP associated with wrist BMD (P = 3.34E-05) in 1000 unrelated Caucasian subjects [44] , but it is not significantly associated with BMDs (FN-and LS-BMD) in GEFOS2 or with BMDs (FN-, LS-, and FA-BMD) in GEFOS-seq. To date, the functional role of C11orf58 in bone metabolism is not yet well understood. Compared to the SNP-based GWAS, the gene-based GWAS analysis identified a higher overall correlation of P values of matched variants and an increased correlation of P values of significant associated variants, efficiently improving the stability and consistency for testing the association between the genotype and phenotype. This improvement may be due to the natural advantages of gene-based strategy, e.g., overcoming the potential heterogeneities from alleles and/or cohorts and reducing the burden of multiple testing for traditional GWASs. Additionally, our previous simulation investigation indicated that overlapping samples between two metaanalyses can lead to an increase of replicability of significantly associated variants compared to that between two independent meta-analyses [6] . In the present study, the significant associated variants were identified with higher replicabilities than the estimation from our previous simulation study, which may be partially due to the more overlapping samples between the two GEFOS studies than that investigated in our earlier study. While, by referring the correlation of the false positive association arising from overlapping samples, the results that a moderately high correlation of association of genes/SNPs with BMDs indicated that, the identified potential BMD-associated genes/SNPs have high between-study stability and consistency between the GEFOS2 and GEFOS-seq studies. Taken together, the results of correlation analyses supported that, in the two GEFOS studies, the gene-based analysis can identify additional potential causal variants with the higher reliability of discoveries than the prevailing SNP-based analysis.
The purpose of our study is to identify additional candidate genes involved in the mechanism of bone metabolism by integrating multiple-level biological evidences. The major contribution of the study is to provide clues (unbiased hypothesis generating) to select candidate genes for bone diseases for downstream in vivo and/or in vitro studies. Comparatively, it's not of our primary study scope to generate knock-out mice with functional evidence and phenotypic consequences in regulating bone metabolism. Actually, some of the potential casual genes, which have been used as the study knock-out targets in mice models to reveal how disruption of their functions could influence the balance of bone metabolism, were verified for their significance in humans as BMD-associated genes in our gene-based analysis.
Conclusion
Traditional GWAS studies provided a relative low efficiency for discovering candidate variants of BMD, and these identified variants explain a small proportion of osteoporosis heritability. As a supplementary strategy to SNP-based GWAS, the gene-based analysis is shown that it helped identify some novel BMD-associated genes. In addition to its empirically increased statistical power, gene-based analysis also provides a higher testing stability for identification of BMD genes. The present study represents a systemic endeavor integrating the multilevel biological evidence and bioinformatics analyses to reveal BMD-associated genes and their roles in skeletal metabolism, which may shed light on the genetic and pathophysiological mechanisms of osteoporosis. Considering the common situation that majority of public resources only provided data as summary statistics, this study is a practical example to extract more genetic information without heavy burden of computation and time costs with the raw genotype information, which could be easily used to investigate summary statistics of other phenotypes.
